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ABSTRACT
Dust trapping accelerates the coagulation of dust particles, and thus it represents an initial step
toward the formation of planetesimals. We report H-band (1.6 µm) linear polarimetric observations
and 0.87 mm interferometric continuum observations toward a transitional disk around LkHα 330. As
results, a pair of spiral arms were detected in the H-band emission and an asymmetric (potentially
arm-like) structure was detected in the 0.87 mm continuum emission. We discuss the origin of the
spiral arm and the asymmetric structure, and suggest that a massive unseen planet is the most
plausible explanation. The possibility of dust trapping and grain growth causing the asymmetric
structure was also investigated through the opacity index (β) by plotting the observed SED slope
between 0.87 mm from our SMA observation and 1.3 mm from literature. The results imply that
grains are indistinguishable from ISM-like dust in the east side (β = 2.0 ± 0.5), but much smaller
in the west side β = 0.7+0.5
−0.4, indicating differential dust size distribution between the two sides of
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the disk. Combining the results of near-infrared and submillimeter observations, we conjecture that
the spiral arms exist at the upper surface and an asymmetric structure resides in the disk interior.
Future observations at centimeter wavelengths and differential polarization imaging in other bands (Y
to K) with extreme AO imagers are required to understand how large dust grains form and to further
explore the dust distribution in the disk.
Subject headings: planetary systems — stars: pre-main sequence — stars: individual (LkHα 330) —
techniques: interferometric
1. INTRODUCTION
Dust grains are the raw material for planetesimals,
which over time form rocky planet cores. The widely
accepted core accretion scenario implies that coagula-
tion of micron-sized dust grains into larger bodies is
a first step for planet formation. Thus, it is impor-
tant to investigate the grain size and its distribution
in the birthplaces of planets: protoplanetary disks. If
the emission is optically thin, the opacity index (β)
can be used as an observational indication of grain size
(possibly grain growth), where κd (∝ λ
−β) is the dust
opacity and λ is the wavelength. A number of ob-
servations reveal that the value of β is generally low
for circumstellar disks around low and intermediate-
mass young stellar objects (YSOs) (Beckwith & Sargent
1991; D’Alessio et al. 2001; Andrews & Williams 2005;
Draine 2006; Ricci et al. 2010a,b; Guilloteau et al. 2011;
Menu et al. 2014). The exploration of radial and az-
imuthal dust distribution in various sizes of dust is essen-
tial for revealing where and how dust grain coagulation
takes place. Since the β offers suggestive evidence for
the amount of dust grains whose size is approximately
comparable to the wavelength of observation, the analy-
sis of β and its distribution help understand the initial
condition for the subsequent formation of planetesimals.
We have conducted H-band linear polarimetric obser-
vations that trace (sub)micron-sized dust at the disk
scattering surface and 0.87 mm dust continuum obser-
vations that detect the thermal emission from approx-
imately millimeter-sized grains around the disk mid-
plane. LkHα 330 is a G3 star (Cohen & Kuhi 1979) of
2.5 M⊙ (Salyk et al. 2009) and 15 L⊙ (Andrews et al.
2011) located in the Perseus molecular clouds, which is
about 250 pc away from the Sun (Enoch et al. 2006).
The disk of LkHα 330 is one of the 4 transitional disks
found in the Spitzer Space Telescope Cores to Disks
(c2d) Legacy Program, where they took 5− 35 µm spec-
tra with the Infrared Spectrograph (IRS) for 100 stellar
systems (Brown et al. 2007). Later, Brown et al. (2008,
2009) constructed the first resolved submillimeter image
of the disk with an angular resolution of 0.′′3 using the
Submillimeter Array (SMA) at 340 GHz. This obser-
vation directly confirmed the cavity in the dust disk.
Then, a two-dimensional Monte Carlo radiative transfer
code (RADMC; Dullemond & Dominik 2004) was used
to model the disk. In this model, the disk is flared, den-
sity is a power law of radius, and the cavity is represented
by the inner and outer gap radius and a density reduction
factor. In addition to the best-fitting model of the spec-
tral energy distribution (SED), they indicated that the
radius of the cavity was 47 AU and that hot gas resided
within 0.8 AU. Andrews et al. (2011) re-calibrated the
data from Brown et al. (2008, 2009) and combined it
with SMA compact (COM) data. They treated the sur-
face density by the similarity solution with an exponen-
tial tail in their analysis and derived the cavity radius to
be 68 AU.
Isella et al. (2013) also studied the asymmetric compo-
nent in the LkHα 330 disk with SMA archival data and
CARMA data at λ = 1.3 mm. As results of the visi-
bility fitting with parametric gaussian disk models, they
found that the asymmetric component traces a narrow
circular arc, which extends in the azimuthal direction by
about 90◦ and accounts for about 1/3 of the total disk
flux at λ = 1.3 mm. They discuss possible mechanisms
of the arc formation including planets, Rossby waves in-
stabilities (RWI), baroclinic instabilities, disk warping,
and disk shadowing. Observations of molecular tracers
might help to further confirm the origin of the cavity in
the disk.
In this paper, the details of the H-band linear polari-
metric observations and 0.87 mm dust continuum obser-
vations of LkHα 330 are provided in section 2, and the
obtained images which show a spiral arm and asymmetric
structures in the LkHα 330 disk are presented in section
3. In section 4, micron and millimeter-sized dust distri-
butions and the origin of the spiral arm as well as the
asymmetric structure are discussed. Finally, we examine
the possibility of dust trapping by estimating the dust
opacity index using our observations and the data from
the literature. Section 5 summarizes our findings.
2. OBSERVATIONS AND DATA REDUCTION
2.1. Subaru/HiCIAO H-band Observation
H-band (1.6 µm) linear polarimetric observations of
LkHα 330 were conducted on December 22nd 2011 (UT)
as a part of the Strategic Explorations of Exoplanets
and Disks with Subaru (SEEDS; Tamura 2009) project.
The High Contrast Instrument for the Subaru Next Gen-
eration Adaptive Optics (HiCIAO; Tamura et al. 2006)
with a dual-beam polarimeter on the Subaru 8.2 m tele-
scope was used. The polarimetric observation mode ac-
quires the o-ray and e-ray simultaneously, and images
a 10′′× 20′′field of view (FOV) with a pixel scale of
9.50 mas/pixel. The adaptive optics system (AO188;
Hayano et al. 2008) functioned mostly stable during ob-
servation, providing stellar point-spread function (PSF)
with a FWHM of 0.′′15 in the H -band. The adaptive
optics corrections functioned well in the observation and
achieve a saturated radius (inner working angle) of 0.′′2,
corresponding to ∼ 50 AU. As discussed in Section 3,
the region less than 0.′′2 from the central star in principle
shows no saturation problems nor discernible misalign-
ment of polarization vectors and thus could potentially
be usable. However, we did not include the region within
r = 0.′′2, and to be conservative, polarization measure-
ments at radii more distant than 0.′′2 from the central
star are regarded as more accurate and safe analysis.
The data sets were taken with a combination of Angular
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Differential Imaging (ADI) and Polarimetric Differential
Imaging (PDI) mode with a net field rotation of 12 de-
grees. A double Wollaston prism system was used for
splitting the incident light, and as a result, four images
with individual FOV of 5′′× 5′′are generated. The to-
tal integration time is 1600 s for the final PI image. All
reduced data were corrected for field rotation and then
integrated. Note that only data obtained by PDI mode
were used and ADI analysis leaves for our future work.
A standard reduction method (Hinkley et al. 2009)
was applied to the polarimetric data, including correc-
tions for distortion and flat-field, using the Image Re-
duction and Analysis Facility (IRAF1) software as in pre-
vious SEEDS publications (e.g. Hashimoto et al. 2011).
Calibration for instrumental polarization of the Nasmyth
HiCIAO instrument was made based on the Mueller-
matrices technique, which quantizes polarization char-
acteristics (Joos et al. 2008). Finally, a PI image was
calculated from
√
Q2 + U2, where Q and U are orthog-
onal linear polarizations.
2.2. Submillimeter Array Observation
LkHα 330 was observed at 343.796 GHz, correspond-
ing to 0.87 mm in wavelength, by the SMA on December
18th 2014 (UT). The very extended configuration was se-
lected, with eight 6 m diameter antennae whose baseline
lengths ranged between 30 m and 590 m. The double
sideband (DSB) receivers with a total bandwidth of 4
GHz was used to maximize the sensitivity to the contin-
uum. The bright quasar 3c279 was used to calibrate the
bandpass and Callisto was observed for determining an
absolute flux scale, whose uncertainty is estimated to be
approximately 10%. The nearby quasar 3c84 was also
observed to calibrate the atmospheric and instrumental
phase before and after observing the target source. The
system temperature was between 400 K and 600 K and
the precipitable water vapor (PWV) was less than 2.5
mm during the observation. The integration time on
source was 7.4 hours. All of the calibrations were done
using the MIR software package2. The deconvolution
was done using the MIRIAD software and the natural
weighting was applied when we CLEANed the image so
that we can obtain higher sensitivity. Self-calibration
was also introduced to the imaging by applying the con-
tinuum image itself as a model.
3. RESULTS
The polarized intensity image in H-band of the tran-
sitional disk around LkHα 330 is presented in Figure
1a. The figure shows two bright components at approx-
imately 70 AU in the east and west side of the disk,
whose intensities are 6.1 and 3.6 mJy arcsec−2, respec-
tively. The rms is only 0.16 mJy arcsec−2, producing
S/N ratios of 38 and 22, respectively. The western bright
component includes a spiral arm structure extending to
the southeast direction, and the bright component in the
eastern side also seems to include a spiral arm-like struc-
1 IRAF is distributed by National Optical Astronomy Obser-
vatory, which is operated by the Association of Universities for
Research in Astronomy, Inc., under cooperative agreement with
the National Science Foundation.
2 The package is open for public use and can be obtained from
https://www.cfa.harvard.edu/ cqi/mircook.html.
ture, although its significance is less clear than the other
side.
Figure 1b displays the continuum image at λ = 0.87
mm obtained from the SMA. The synthesized beam of
0.′′31× 0.′′27 was obtained as shown in the lower left cor-
ner in the same Figure. The rms in this image is 1.67
mJy beam−1. The emission extends 0.′′6 in radius, corre-
sponding to 150 AU, and a surface brightness depletion
is seen around the central star. As in the H-band po-
larized image shown in Figure 1a, asymmetric structure
can be seen at the region of r . 1′′ from the central
star. The continuum peak in the west side is 29.6 ± 1.6
mJy beam−1, while the one in the east side is 24.8 ± 1.6
mJy beam−1. The continuum image superimposed over
the H-band polarized image in a larger view is provided
in Figure 1c. Both of the emissions are similarly dis-
tributed, and their peak intensities spatially match with
each other.
Since the Strehl ratio provided by the AO was modest
(approximately 0.2), the seeing PSF was not perfectly
corrected for, and thus a stellar halo partially remains in
the image. The polarization by forward and backward
scattering in the disk becomes smaller because the po-
larization direction significantly deviates from 90◦ of the
scattering angle, making the halo appear more polarized
along the minor axis of the disk. Figure 2 displays how
the polarized halo affects the PI image. Figure 2a shows
the original PI image with no polarized halo correction.
The polarization vectors align along the minor axis due
to the polarized halo. However, the polarization vectors
become circularly aligned when the remaining polarized
halo is subtracted from the PI image as shown in Figure
2b. The correction is made by measuring the Stokes pa-
rameters, I, Q, and U at the region between 0.′′2375 and
2.′′85 (corresponding to 25 to 300 pixels). The uniformly
distributed polarized halo, which has a polarization de-
gree of 0.51±0.01 and a polarization angle of 172.7±0.5◦,
is subtracted from the image in Figure 2a. The correc-
tion method is described in detail by Hashimoto et al.
(2012). Note that the region beyond r = 0.′′2 can be
safely analyzed after the correction, since the PI of the
disk is now distinguished from the polarized halo and no
misalignment of polarization vectors can be seen beyond
r = 0.′′2.
We further checked the effect of instrumental polar-
ization by the radial polarization (Uφ) image provided
in the Appendix. The polarization component that is
not originated from the source is approximately 10 times
smaller than the component polarized by the disk source.
As a result, the effect of the instrumental polarization
component is negligible in our results and therefore not
affecting the discussed structures significantly. See more
details in the Appendix.
4. DISCUSSION
4.1. Dust distribution and implications of a massive
planet
Figure 3a shows the radial surface brightness profiles
along the directions of P. A. = 94◦ and 235◦ crossing the
scattered emission peaks and P. A. = 258◦ crossing the
continuum peak in the radial direction as denoted by red
lines in Figure 1c. Both of the scattering emission peaks
are found at r ∼ 0.′′25 (∼ 62.5 AU) from the central star
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indicated by dashed circle in Figure 1c. Note that the
polarized emission peaks at P. A. = 94◦ and 235◦ are al-
most located along the direction of semi-major axis (the
position angle of LkHα 330 is 80◦ (Andrews et al. 2011)
measured from the north in counter-clockwise). While
surface brightness asymmetries along the semi-minor axis
can be strongly affected by anisotropic scattering, asym-
metries along the semi-major axis are unaffected by the
scattering efficiency and thus reflect intrinsic variations
in the disk structure. Thus, the disk inclination of 35◦
(Isella et al. 2013) does not affect the results very much.
Figure 3b represents the azimuthal surface brightness
profile at r = 0.′′25 and shows a non-axisymmetric torus
in the disk. The surface brightnesses in the west and
east sides are approximately 3 and 6 times higher than
the base levels found in the north and south regions.
As shown in Figure 1c, the two continuum peaks at
the east and west sides of the disk match with the peaks
seen in the H-band PI image, indicating that small-sized
dust (0.1 - 1 µm) has a similar distribution to the mil-
limeter sized dust when phase function including polar-
ization property is the same everywhere. The radial pro-
files of scattering and continuum emissions also support
that they similarly distribute in the disk because their
own peaks are seen at the same radial distance of 0.′′25 as
shown in Figure 3a. It is important to know whether the
disk is optically thick or not at λ = 0.87 mm continuum
when they are compared with other emissions at differ-
ent wavelength. It can be roughly checked by comparing
the brightness temperature (Tb) with the radiative equi-
librium temperature. As a result, Tb at the continuum
peak was 9.6 K, which is much lower than the radiative
equilibrium temperature of 98 K at r = 0.′′25, indicating
that the continuum emission is optically thin. Our re-
sults suggest that dust grains between (sub)micron and
millimeter in size accumulate at roughly the same ra-
dius, but not necessarily from an annular structure of
equal thickness.
Both the H-band PI image and the 0.87 mm con-
tinuum image shown in Figure 1c indicate that there
is a dust concentration in the disk. Recent theoreti-
cal studies have proposed several mechanisms to trap
dust particles: snow lines, dead zones generated by
magneto-rotational instability (MRI; Balbus & Hawley
1991; Dzyurkevich et al. 2010), anticyclonic vortices
that generate high pressure region triggered by RWI
(Meheut et al. 2012), and pressure bumps generated
by massive planets (Paardekooper & Mellema 2004;
Zhu et al. 2012; Pinilla et al. 2012a,b; Pinilla 2015).
Among such possibilities, LkHα 330 implies the possi-
ble presence of a massive planet because at least spi-
ral structure is associated in the disk. Spiral arms
have been discovered in other transitional disks, such as
SAO 206462, MWC 758, and HD 100453 and theoret-
ical simulations reproduce the observed spiral features
by embedded planet(s), indicating that spiral arms can
be induced by planet-disk interaction (Muto et al. 2012;
Garufi et al. 2013; Grady et al. 2013; Benisty et al. 2015;
Dong et al. 2015, 2016; Wagner et al. 2015).
A pair of arm-like features in the east and west sides of
the LkHα 330 disk, extending from a continuum peak to-
ward the southeast and northwest, may signify the pres-
ence of a massive planet probably located in the south
east or north west direction as an extension of the spi-
ral arms and which can generate a pressure bump that
locally accumulates a large amount of dust. Dong et al.
(2015) produced the H-band polarized intensity images
by the newly developed Athena ++ MHD code (J. M.
Stone et al. 2016, in preparation) showed spiral structure
with m = 2 mode (see Figure 2 in Dong et al. (2015))
by a single massive planet at outer disk region. They
also predicts that the brightness of the observed arm is
expected to be enhanced by 100 to 300 % from the emis-
sion free background, which is consistent with our result
of 380 % enhancement.
Isella et al. (2013) showed that the interaction between
the disk and planet is a possible mechanism by utilizing
hydrodynamic simulation code FARGO (Masset 2000)
as a means to investigate the origin of the asymmet-
ric disk structure. They explored disk structure dur-
ing 100 to 2000 disk rotations with viscosity of 0.002
and 0.02 and the number of planets with different mass
between 3 and 10 MJ , and could reproduce the ob-
served azimuthal asymmetries at λ = 1.3 mm emission.
Birnstiel et al. (2013) also demonstrated the formation
of azimuthal asymmetries in the surface density by disk-
planet interactions during their orbital rotation. There-
fore, large grains are probably trapped or piled up by a
pressure bump generated by a massive planet that de-
pletes gas surface density significantly while interacting
with the gas disk (Pinilla et al. 2012a,b). Small grains,
on the other hand, trace the gas features because they
are mostly coupled to the gas.
They further study that such asymmetry possibly leads
to azimuthal variations in dust opacity at the millimeter
wavelength because large dust grains are trapped at pres-
sure maxima due to the local gas density enhancement.
They also argue that the variation of dust temperature in
the azimuthal direction might be responsible for generat-
ing azimuthal asymmetry. The incident angle of the stel-
lar radiation to the disk is not uniform if LkHα 330 disk
is warped such as HD 142527 disk (Casassus et al. 2015;
Marino et al. 2015), the disk is differently flared in the
azimuthal direction, or the shadowing variation behind
the asymmetric outer gap wall in the inner disk, causing
azimuthal variation in the dust temperature. Therefore,
the H-band emission depends on internal disk structure,
while sub-millimeter is not. All of the possibilities men-
tioned above can explain the origin of the anti-correlation
observed between H-band and 0.87 mm continuum emis-
sions.
The key questions whether or not a massive planet can
form the spirals in scattered light and the sub-millimeter
asymmetry will arise. Bae et al. (2016) simultaneously
reproduced the observed spiral arms in NIR and asym-
metry in sub-millimeter continuum by a single planet-
mass companion at the outer disk region in the case of
SAO 206462 transitional disk, and thus their works sup-
port in explaining the LkHa330 structure similar to SAO
206462. If this is the case, a massive planet orbiting
at the outer disk could be a more plausible explanation
for current architecture seen in the LkHa330. They also
predicted that brightest peak and the spiral arms will
show observable displacement over the next few years.
The follow-up observations in NIR and sub-millimeter
continuum are demanded for revealing the origin of the
structure. Details of the arm structures will be the sub-
ject of later studies in this series. Here, we simply stress
LkHa 330 5
that LkHα 330 has a spiral arm structure, a supportive
evidence for the presence of a massive planet. In the next
section, we discuss the possibility of grain growth due to
a planet-induced pressure bump.
4.2. Implications of grain growth due to pressure bump
Grain growth can be found observationally from the
slope of the SED, expressed as Fν ∝ ν
α where α = β+2,
at mm/sub-mm wavelengths. We thus use this law to
estimate the dust opacity in the LkHα 330 disk. β is
related to composition, shape, and size distribution of
the dust that accounts for thermal emission at mm/sub-
mm wavelengths. Generally, β lies between 0 and 1 for
disks around low-mass T Tauri stars and almost every
disk falls in the range of β < 2 (Beckwith & Sargent
1991). Note that the β of the interstellar medium (ISM)
is about 1.7 (Li & Draine 2001). It is widely accepted
that the explanation for βdisk < βISM is primarily a grain
growth effect in the disk, and other contributing factors
such as the geometry of dust particles or an optically
thick disk are less effective and don’t alter β to the same
extent (Draine 2006). Draine (2006) also shows that the
dust grows from µm to mm sized grains when β decreases
below unity.
Here we estimate β with our 0.87 mm continuum ob-
servation and a previous result from a 1.3 mm continuum
image taken by CARMA (Isella et al. 2013). The inte-
grated intensity in the λ = 0.87 mm and 1.3 mm contin-
uum observations in west side of the disk is 101 ± 14.1
and 35 ± 1 mJy, respectively, but 87 ± 12.7 and 18 ± 1
mJy in the east side of the disk, respectively. As a result,
the estimated β becomes 0.7 +0.5
−0.4 in the west side and 2.0
± 0.5 in the east side, respectively. β in the west side
is below unity and indicates that grain growth probably
takes place as suggested from the work of Draine (2006).
It is theoretically inferred that the dust grains grow to
around 500 µm or even larger, because such sizes are
required for β to be less than unity for a power-law dis-
tribution of grain sizes (a), n(a) ∝ a−p, where n(a) repre-
sents the abundance of grains with a particular size and
p is a power index of the distribution (D’Alessio et al.
2001; Natta & Testi 2004; Natta et al. 2004). β in the
east side, on the other hand, shows a typical number of
∼ 2, indicating that grain growth is not so active than
the west side. Note that D’Alessio et al. (2001) also show
that β will become approximately 1.7 when the maxi-
mum size of dust grains is less than 30 µm.
A pressure bump is considered as one possible explana-
tion to promote grain growth since it locally traps dust
material in the azimuthal direction and as a result accel-
erates dust particles growth (Barge & Sommeria 1995;
Birnstiel et al. 2013). If this is the case, the larger
grains subsequently stay near the pressure bump while
the smaller grains get uniformly distributed in the entire
disk as seen in Oph IRS 48 (van der Marel et al. 2013,
2015). We note that grains are likely growing everywhere
in the disk, but transport is concentrating large grains at
the pressure bump, resulting in asymmetric structures.
LkHα 330 has at least one spiral arm feature and an
asymmetric structure about east and west side of the
disk. Although there are several explanations for these
complex structures, a large unseen planet naturally ex-
plains simultaneously both of the structures. Observa-
tions at longer wavelengths available in the future with
ALMA or VLA will be greatly helpful for further investi-
gations of grain growth and the connection between large
sized grains and rocky cores of planets.
5. SUMMARY
We have conducted H-band (1.6 µm) linear polarimet-
ric observations and 0.87 mm continuum observations to-
ward a transitional disk around the intermediate-mass
pre-main sequence star LkHα 330. The observations
show that a spiral arm potentially exists in the disk in-
terior where planets form. Although several possibilities
for the origin of the spiral arm have been proposed, a
massive unseen planet would be the most plausible candi-
date according to previous simulations (Zhu et al. 2012;
Isella et al. 2013; Dong et al. 2015).
The possibility of dust trapping and grain growth in
the asymmetric disk component was investigated using
the opacity index (β) through the observed SED slope
between 0.87 mm and 1.3 mm continuum emission. As a
result, a low opacity index, β = 0.7+0.5
−0.4 is obtained in the
west side of the disk, while the east side shows a typical
value of β = 2.0± 0.5 usually seen in the normal primor-
dial disks, suggesting that grain growth probably takes
place everywhere and only millimeter-sized grains selec-
tively accumulates at the pressure maxima in the west
side of the disk. Combining the results of near-infrared
and submillimeter observations, we conjecture that the
spiral arms were in the upper surface and an asymmetric
(potentially arm-like) structure was in the mid-plane of
the disk. Continuum observations at longer wavelengths
such as centimeters may show how large dust grains con-
nect to the formation of rocky cores of planets and near-
infrared observations with so-called extreme AO are re-
quired for further exploring the dust distribution in the
disk.
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6. APPENDIX
H-BAND RADIAL POLARIZATION
In addition to the H-band PI image provided in Fig-
ure 1, we additionally report a radial polarization (Uφ)
map as a check for the polarization fraction that is not
originated from the source (mainly from instruments).
The Uφ image corresponding to the PI image is provided
in Figure 4. In principle, polarization vectors have to
be orthogonal to the incident radiation from the central
star. Since the polarization fraction of Uφ component
is approximately 10 times smaller than the polarization
intensity in the entire disk as shown in Figure 1, the con-
tribution of the instrumental polarization effect is neg-
ligible and not affecting the discussed structures signif-
icantly. Thus, we conclude that the observed polarized
emission is originated from the disk of interest.
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Figure 1. Panel (a) shows the polarized intensity image in H-band by the Subaru telescope. A software mask with r = 0.′′2 is shown at
the center. Panel (b) shows the continuum image at λ = 0.87 mm taken by the SMA. The size of synthesized beam is 0.′′31×0.′′27, provided
at the bottom left corner. Panel (c) represents a superposed SMA image on the H-band polarized intensity image in a larger scale. The
color scale is the same as the one of Panel (a). The first contour is 8σ and increases up to 20σ with 2σ steps. The red solid lines represent
the directions of the three radial profiles provided in Figure 3a and the red dashed-circle with 0.′′25 in radius passes on the emission peaks
of the H-band and submillimeter continuum for the azimuthal profile as shown in Figure 3b. North is up and east is to the left in all of
the panels.
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Figure 2. H-band polarization vectors of LkHα 330 are superposed on the PI image with a software mask with r = 0.′′2. Panel (a) represents
the polarization vector map before subtracting the polarized halo and panel (b) represents the same as panel (a) after subtracting the
polarized halo. All plotted vectors’ lengths are arbitrary for presentation purposes.
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Figure 3. Panel (a) represents the radial surface brightness profiles in the H-band observation along the directions of P. A. = 94◦ and
235◦ and submillimeter continuum observation along the directions of P. A. = 258◦ (see red solid lines in Figure 1c). Note that only the
region where r > 0.′′2 is trustworthy in the H-band observation, while submillimeter data of the inner region where r < 0.′′2 is provided
in the plot. Panel (b) represents the azimuthal surface brightness profile at r = 0.′′25 (∼ 60 AU) as indicated in the red dashed circle in
Figure 1c. The error bars show 1σ in both the radial surface brightness and the azimuthal surface brightness profiles.
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Figure 4. Radial polarization (Uφ) image at H-band whose polarization components are not orthogonal to stellar radiation. Note that
the scale is approximately a factor of 10 smaller than the H-band polarization intensity shown in Figure 1a, and thus the structures in
Figure 4 are not affecting the discussed structures significantly.
